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Quantum coherence plays a fundamental and operational role in different areas of physics. A resource the-
ory has been developed to characterize the coherence of distinguishable particles systems. Here we show that
indistinguishability of identical particles is a source of coherence, even when they are independently prepared.
In particular, under spatially local operations, states that are incoherent for distinguishable particles, can be co-
herent for indistinguishable particles under the same procedure. We present a phase discrimination protocol, in
which we demonstrate the operational advantage of using two indistinguishable particles rather than distinguish-
able ones. The coherence due to the quantum indistinguishability significantly reduces the error probability of
guessing the phase using the most general measurements.
PACS numbers: 03.65.Ta, 03.67.-a, 03.67.Mn, 03.65.Ud
Introduction. — Quantum coherence concerns the possibil-
ity to create a quantum state as a superposition of two or more
different configurations. Recently, a resource theory of co-
herence has been proposed, in order to characterize, quantify
and exploit coherence [1–7]. Chosen a reference basis, diago-
nal and non diagonal states in that basis are called incoherent
(free) states and coherent (resource) states, respectively. The
free operations to which we have access, in accordance with
physical constraints imposed on the system, are the so-called
incoherent operations. They cannot create coherence starting
from incoherent states. It has been shown that coherence of a
quantum state has an operational relevance in the implemen-
tation of phase discrimination protocols using distinguishable
particles: the robustness of coherence quantifies not only the
amount of coherence of a quantum state but also the advantage
offered by its presence in a metrology protocol [3, 8]. In the
context of quantum thermodynamics, a link between the co-
herence of a quantum state and the extractable work has been
identified [9], and very recently the role of quantum coherence
as a resource for the non-equilibrium entropy production has
been pinpointed [10].
The resource theory of coherence is well defined for single-
particle systems and for systems of multi-distinguishable par-
ticles. On the other hand, recently, it has been shown that
indistinguishability of identical particles confers on quantum
systems original properties that can be used as sources of en-
tanglement to implement quantum information processes, im-
possible to perform if particles are distinguishable [11–18].
In this Letter, we generalize the resource theory of coher-
ence to systems of identical particles, using a particle-based
approach that only allows physical labels to address the par-
ticles in the system [19, 20]. Our aim is to show how in-
distinguishability may be a source of operational coherence.
Clearly, and in contrast to the case of distinguishable parti-
cles, to achieve this we have to consider at least two (identical)
particles.
Coherence of identical particle states. — Let us consider,
in the no-label formalism [19–21], two identical spins (that
is particles with a two-level internal state space) in the mixed
state
ρI =
∑
σ,τ=↓,↑
pστ |ψσ, ψ′τ〉 〈ψσ, ψ′τ | , (1)
where I stands for "identical", ψ and ψ′ represent the spa-
tial degrees of freedom and σ and τ are the pseudospins.
The coefficients pστ are such that Tr[ρI ] = 1. Each term
|ψσ, ψ′τ〉 in the sum is the state of two identical particles,
one of which is characterised by ψ and σ, the other by ψ′
and τ . This state is a global object, which crucially cannot
be written as a tensor product of single-particle states, i.e.,
|ψσ, ψ′τ〉 6= |ψσ〉 ⊗ |ψ′τ〉.
To define the coherence of this state, an orthonormal ba-
sis has to be chosen. Let us now make some considerations
in order to opportunely choose a "preferred" basis, depending
on the possible operations that can be performed for free on
the system. A resource theory requires the identification of
a physically and operationally meaningful set of free opera-
tions, which enable manipulation of resourceful states. Anal-
ogously to the case of distinguishable particles, both single-
particle and two-particle operations on the system are allowed.
Identical particles are physically not addressable individually
[22, 23], thus the concept of single-particle operation may
seem ill-defined, requiring to differentiate them. Furthermore,
as a consequence of the fact that the global Hilbert space is not
a tensor product of two single-spin spaces, if a CNOT (free op-
eration for distinguishable particles [6]) has to be performed,
it is not possible to differentiate between the control and the
target particle.
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2Following the procedure to identify and quantify the use-
ful entanglement between identical particles [18], in order to
characterize the quantum coherence we here adopt a frame-
work based on sLOCC, which consists in the identification of
specific separate spatial regions to make single-particle and
two-particle local measurements. In particular, we choose the
basis BI = {|Lσ,Rτ〉 ; σ, τ =↓, ↑}, where |L〉 and |R〉 are
two states spatially localized in the separate regions L andR,
respectively. If ρI is diagonal in the chosen basis, it is inco-
herent, otherwise we say that ρI is coherent. We point out that
if |ψ〉 and |ψ′〉 spatially overlap, the measurement regions L
andR are taken within the shared spatial region.
For non-identical particles, identified by labels A and
B, the state of Eq. (1) would correspond to ρNI =∑
σ,τ pστ (|ψσ〉 〈ψσ|)A⊗(|ψ′τ〉 〈ψ′τ |)B. It can be shown that
ρNI is incoherent in the basis B = {|Lσ〉A⊗ |Rτ〉B ;σ, τ =↓
, ↑} (see Supplemental Material). Projecting, on the other
hand, ρI of Eq. (1) on the chosen subspace, we obtain the
following state
ρILR =
1
N
∑
σ,τ=↓,↑
pστ (|l|2|r′|2 |Lσ,Rτ〉 〈Lσ,Rτ |
+ ηlr′l′∗r∗ |Lσ,Rτ〉 〈Lτ,Rσ|
+ ηl′rl∗r′∗ |Lτ,Rσ〉 〈Lσ,Rτ |
+ η|l′|2|r|2 |Lτ,Rσ〉 〈Lτ,Rσ|),
(2)
where N is a global normalization factor, l = 〈L|ψ〉, r′ =
〈R|ψ′〉, l′ = 〈L|ψ′〉 and r = 〈R|ψ〉 are the probability am-
plitudes of finding one particle in the two spatially separate
states |L〉 and |R〉 and η is 1 for bosons and −1 for fermions.
Assuming, for instance, l, r′ 6= 0, the remaining probability
amplitudes l′ and r are zero if and only if |ψ〉 and |ψ′〉 do not
spatially overlap [31]. If p↓↑ = p↑↓ = 0, the state ρI does
not contain coherence, regardless of the identity of particles.
Otherwise, the state is coherent if and only if the particles spa-
tially overlap (are indistinguishable). If they do not overlap,
the state is incoherent: non-overlapping identical particles act
like non-identical ones.
In the sLOCC framework, incoherent operations, known for
non-identical particles, can be straightforwardly translated in
the context of identical particle systems. Let us consider for
example the CNOT gate. In the standard implementation with
non-identical particles, there are individually addressed con-
trol and target spins. By analogy, if we have identical par-
ticles, we can identify the measurement regions L and R as
control and target regions, respectively (Fig. 1). Applying
it to the state of Eq. (2) when it is incoherent, it can be eas-
ily shown that it gives us an incoherent state. Therefore the
CNOT gate remains an incoherent operation which transforms
incoherent states of identical particles into incoherent states.
Phase discrimination protocol by particle indistinguisha-
bility. — Our purpose is to determine when the contribution
to coherence due to the spatial overlap of identical spins plays
an operational role in quantum information processing. It is
known that within the context of quantum metrology, quantum
CNOT
L
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FIG. 1: CNOT gate for identical particles in the sLOCC framework.
coherence of states of non-identical particles is a resource for
phase discrimination tasks [3, 24]. We now describe an anal-
ogous game for indistinguishability-enabled quantum coher-
ence.
The state of two independently-prepared non-identical
spins, for instance, |Ψ〉AB = |ψ ↓A, ψ′ ↑B〉 = |ψ ↓〉A ⊗
|ψ′ ↑〉B, is manifestly incoherent in the basis B. Differently,
let us consider the corresponding pure state for two indepen-
dently prepared identical spins
|Ψ〉 = |ψ ↓, ψ′ ↑〉, (3)
whose projection in the operational subspace spanned by BI
is
|ΨLR〉 = 1NLR (lr
′|L ↓,R ↑〉+ ηl′r|L ↑,R ↓〉), (4)
with the normalization constant NLR =
√|lr′|2 + |l′r|2. A
non-zero coherence for this state can only stem from indistin-
guishability (l′r 6= 0). Let us send |ΨLR〉 in a box where
a unitary transformation Uk = eiGˆφk (Gˆ is the generator
of the transformation) applies one of the phases {φk}k=1,2
with a probability pk to the state (see Fig. 2). The require-
ment is that Uk is a free (incoherent) operation, so Gˆ =∑
στ ωστ |L σ,R τ〉〈L σ,R τ |. The action of the box is
|ΨkLR〉 = Uk|ΨLR〉
=
1
NLR [lr
′eiω↓↑φk |L ↓,R ↑〉
+ ηl′reiω↑↓φk |L ↑,R ↓〉].
(5)
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⇢out
<latexit sha1_base64="sk7q7PtN+W1OQ6k6Q/5sQ0f5Ai4=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgj KChjJI5CESE50vm+SU8511t0aKrPAVtFDRIVr+hYJ/wTYuIGGq0cyudnaCSAqLrvvpLC2vrK6tlzbKm1vbO7uVvf2W1bHh0ORaatMJmAUpFDRRoIROZICFgYR2MLnK/PYDGCu0usVpBH7IRkoMBWeYSnc9M9b3iY5x1q9U3Zqbgy4SryBVU qDRr3z1BprHISjkklnb9dwI/YQZFFzCrNyLLUSMT9gIuilVLATrJ3niGT2OLUNNIzBUSJqL8HsjYaG10zBIJ0OGYzvvZeJ/XjfG4YWfCBXFCIpnh1BIyA9ZbkRaBdCBMIDIsuRAhaKcGYYIRlDGeSrGaTfltA9v/vtF0jqteSm/OavWL4tmS uSQHJET4pFzUifXpEGahBNFnsgzeXEenVfnzXn/GV1yip0D8gfOxzfoo5W2</latexit><latexit sha1_base64="sk7q7PtN+W1OQ6k6Q/5sQ0f5Ai4=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgj KChjJI5CESE50vm+SU8511t0aKrPAVtFDRIVr+hYJ/wTYuIGGq0cyudnaCSAqLrvvpLC2vrK6tlzbKm1vbO7uVvf2W1bHh0ORaatMJmAUpFDRRoIROZICFgYR2MLnK/PYDGCu0usVpBH7IRkoMBWeYSnc9M9b3iY5x1q9U3Zqbgy4SryBVU qDRr3z1BprHISjkklnb9dwI/YQZFFzCrNyLLUSMT9gIuilVLATrJ3niGT2OLUNNIzBUSJqL8HsjYaG10zBIJ0OGYzvvZeJ/XjfG4YWfCBXFCIpnh1BIyA9ZbkRaBdCBMIDIsuRAhaKcGYYIRlDGeSrGaTfltA9v/vtF0jqteSm/OavWL4tmS uSQHJET4pFzUifXpEGahBNFnsgzeXEenVfnzXn/GV1yip0D8gfOxzfoo5W2</latexit><latexit sha1_base64="sk7q7PtN+W1OQ6k6Q/5sQ0f5Ai4=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgj KChjJI5CESE50vm+SU8511t0aKrPAVtFDRIVr+hYJ/wTYuIGGq0cyudnaCSAqLrvvpLC2vrK6tlzbKm1vbO7uVvf2W1bHh0ORaatMJmAUpFDRRoIROZICFgYR2MLnK/PYDGCu0usVpBH7IRkoMBWeYSnc9M9b3iY5x1q9U3Zqbgy4SryBVU qDRr3z1BprHISjkklnb9dwI/YQZFFzCrNyLLUSMT9gIuilVLATrJ3niGT2OLUNNIzBUSJqL8HsjYaG10zBIJ0OGYzvvZeJ/XjfG4YWfCBXFCIpnh1BIyA9ZbkRaBdCBMIDIsuRAhaKcGYYIRlDGeSrGaTfltA9v/vtF0jqteSm/OavWL4tmS uSQHJET4pFzUifXpEGahBNFnsgzeXEenVfnzXn/GV1yip0D8gfOxzfoo5W2</latexit><latexit sha1_base64="sk7q7PtN+W1OQ6k6Q/5sQ0f5Ai4=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgj KChjJI5CESE50vm+SU8511t0aKrPAVtFDRIVr+hYJ/wTYuIGGq0cyudnaCSAqLrvvpLC2vrK6tlzbKm1vbO7uVvf2W1bHh0ORaatMJmAUpFDRRoIROZICFgYR2MLnK/PYDGCu0usVpBH7IRkoMBWeYSnc9M9b3iY5x1q9U3Zqbgy4SryBVU qDRr3z1BprHISjkklnb9dwI/YQZFFzCrNyLLUSMT9gIuilVLATrJ3niGT2OLUNNIzBUSJqL8HsjYaG10zBIJ0OGYzvvZeJ/XjfG4YWfCBXFCIpnh1BIyA9ZbkRaBdCBMIDIsuRAhaKcGYYIRlDGeSrGaTfltA9v/vtF0jqteSm/OavWL4tmS uSQHJET4pFzUifXpEGahBNFnsgzeXEenVfnzXn/GV1yip0D8gfOxzfoo5W2</latexit>
| LRi
<latexit sha1_base64="zNWkP+XRfaVjlCwlZFA8HRNQwTk=">AAACDnicbVC7TsNAEDzzDOEVoIPmRIREhWyEBGUEDQVFQCQgxV a0PpZw4ny27tZIkbHEJ/AVtFDRIVp+gYJ/wTYpeE01mtnVzk6YKGnJdd+dsfGJyanp2kx9dm5+YbGxtNy1cWoEdkSsYnMegkUlNXZIksLzxCBEocKz8Pqg9M9u0FgZ61MaJhhEMNDyUgqgQuo3Vm/9tpX9zI+ArkyUHZ3kuW9ADxT2G013y63A/xJvRJpshHa/8eFfxCKN UJNQYG3PcxMKMjAkhcK87qcWExDXMMBeQTVEaIOs+iHnG6kFinmChkvFKxG/b2QQWTuMwmKyjGp/e6X4n9dL6XIvyKROUkItykMkFVaHrDCyKAf5hTRIBGVy5FJzAQaI0EgOQhRiWrRVL/rwfn//l3S3t7yCH+80W/ujZmpsja2zTeaxXdZih6zNOkywO/bAHtmTc+88Oy /O69fomDPaWWE/4Lx9AgpQnN8=</latexit><latexit sha1_base64="zNWkP+XRfaVjlCwlZFA8HRNQwTk=">AAACDnicbVC7TsNAEDzzDOEVoIPmRIREhWyEBGUEDQVFQCQgxV a0PpZw4ny27tZIkbHEJ/AVtFDRIVp+gYJ/wTYpeE01mtnVzk6YKGnJdd+dsfGJyanp2kx9dm5+YbGxtNy1cWoEdkSsYnMegkUlNXZIksLzxCBEocKz8Pqg9M9u0FgZ61MaJhhEMNDyUgqgQuo3Vm/9tpX9zI+ArkyUHZ3kuW9ADxT2G013y63A/xJvRJpshHa/8eFfxCKN UJNQYG3PcxMKMjAkhcK87qcWExDXMMBeQTVEaIOs+iHnG6kFinmChkvFKxG/b2QQWTuMwmKyjGp/e6X4n9dL6XIvyKROUkItykMkFVaHrDCyKAf5hTRIBGVy5FJzAQaI0EgOQhRiWrRVL/rwfn//l3S3t7yCH+80W/ujZmpsja2zTeaxXdZih6zNOkywO/bAHtmTc+88Oy /O69fomDPaWWE/4Lx9AgpQnN8=</latexit><latexit sha1_base64="zNWkP+XRfaVjlCwlZFA8HRNQwTk=">AAACDnicbVC7TsNAEDzzDOEVoIPmRIREhWyEBGUEDQVFQCQgxV a0PpZw4ny27tZIkbHEJ/AVtFDRIVp+gYJ/wTYpeE01mtnVzk6YKGnJdd+dsfGJyanp2kx9dm5+YbGxtNy1cWoEdkSsYnMegkUlNXZIksLzxCBEocKz8Pqg9M9u0FgZ61MaJhhEMNDyUgqgQuo3Vm/9tpX9zI+ArkyUHZ3kuW9ADxT2G013y63A/xJvRJpshHa/8eFfxCKN UJNQYG3PcxMKMjAkhcK87qcWExDXMMBeQTVEaIOs+iHnG6kFinmChkvFKxG/b2QQWTuMwmKyjGp/e6X4n9dL6XIvyKROUkItykMkFVaHrDCyKAf5hTRIBGVy5FJzAQaI0EgOQhRiWrRVL/rwfn//l3S3t7yCH+80W/ujZmpsja2zTeaxXdZih6zNOkywO/bAHtmTc+88Oy /O69fomDPaWWE/4Lx9AgpQnN8=</latexit><latexit sha1_base64="zNWkP+XRfaVjlCwlZFA8HRNQwTk=">AAACDnicbVC7TsNAEDzzDOEVoIPmRIREhWyEBGUEDQVFQCQgxV a0PpZw4ny27tZIkbHEJ/AVtFDRIVp+gYJ/wTYpeE01mtnVzk6YKGnJdd+dsfGJyanp2kx9dm5+YbGxtNy1cWoEdkSsYnMegkUlNXZIksLzxCBEocKz8Pqg9M9u0FgZ61MaJhhEMNDyUgqgQuo3Vm/9tpX9zI+ArkyUHZ3kuW9ADxT2G013y63A/xJvRJpshHa/8eFfxCKN UJNQYG3PcxMKMjAkhcK87qcWExDXMMBeQTVEaIOs+iHnG6kFinmChkvFKxG/b2QQWTuMwmKyjGp/e6X4n9dL6XIvyKROUkItykMkFVaHrDCyKAf5hTRIBGVy5FJzAQaI0EgOQhRiWrRVL/rwfn//l3S3t7yCH+80W/ujZmpsja2zTeaxXdZih6zNOkywO/bAHtmTc+88Oy /O69fomDPaWWE/4Lx9AgpQnN8=</latexit>
FIG. 2: Phase discrimination game.
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<latexit sha1_base64="o6/s6G4pKad022Q FIlW9sEHczYU=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIjJCgjaCiDRB4osaLzZZOccme f7tZIkeWvoIWKDtHyMRT8C45xAQlTjWZ2tbMTaCksuu6nU1pb39jcKm9Xdnb39g+qh0cdG8WGQ 5tHMjK9gFmQIoQ2CpTQ0waYCiR0g9nNwu8+grEiCu9xrsFXbBKKseAMM+lhoKdimHiNdFituXU 3B10lXkFqpEBrWP0ajCIeKwiRS2Zt33M1+gkzKLiEtDKILWjGZ2wC/YyGTIH1kzxwSs9iyzCiG gwVkuYi/N5ImLJ2roJsUjGc2mVvIf7n9WMcX/mJCHWMEPLFIRQS8kOWG5E1AXQkDCCyRXKgIqS cGYYIRlDGeSbGWTWVrA9v+ftV0mnUvYzfXdSa10UzZXJCTsk58cglaZJb0iJtwokiT+SZvDip 8+q8Oe8/oyWn2Dkmf+B8fAM2FJSw</latexit><latexit sha1_base64="o6/s6G4pKad022Q FIlW9sEHczYU=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIjJCgjaCiDRB4osaLzZZOccme f7tZIkeWvoIWKDtHyMRT8C45xAQlTjWZ2tbMTaCksuu6nU1pb39jcKm9Xdnb39g+qh0cdG8WGQ 5tHMjK9gFmQIoQ2CpTQ0waYCiR0g9nNwu8+grEiCu9xrsFXbBKKseAMM+lhoKdimHiNdFituXU 3B10lXkFqpEBrWP0ajCIeKwiRS2Zt33M1+gkzKLiEtDKILWjGZ2wC/YyGTIH1kzxwSs9iyzCiG gwVkuYi/N5ImLJ2roJsUjGc2mVvIf7n9WMcX/mJCHWMEPLFIRQS8kOWG5E1AXQkDCCyRXKgIqS cGYYIRlDGeSbGWTWVrA9v+ftV0mnUvYzfXdSa10UzZXJCTsk58cglaZJb0iJtwokiT+SZvDip 8+q8Oe8/oyWn2Dkmf+B8fAM2FJSw</latexit><latexit sha1_base64="o6/s6G4pKad022Q FIlW9sEHczYU=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIjJCgjaCiDRB4osaLzZZOccme f7tZIkeWvoIWKDtHyMRT8C45xAQlTjWZ2tbMTaCksuu6nU1pb39jcKm9Xdnb39g+qh0cdG8WGQ 5tHMjK9gFmQIoQ2CpTQ0waYCiR0g9nNwu8+grEiCu9xrsFXbBKKseAMM+lhoKdimHiNdFituXU 3B10lXkFqpEBrWP0ajCIeKwiRS2Zt33M1+gkzKLiEtDKILWjGZ2wC/YyGTIH1kzxwSs9iyzCiG gwVkuYi/N5ImLJ2roJsUjGc2mVvIf7n9WMcX/mJCHWMEPLFIRQS8kOWG5E1AXQkDCCyRXKgIqS cGYYIRlDGeSbGWTWVrA9v+ftV0mnUvYzfXdSa10UzZXJCTsk58cglaZJb0iJtwokiT+SZvDip 8+q8Oe8/oyWn2Dkmf+B8fAM2FJSw</latexit><latexit sha1_base64="o6/s6G4pKad022Q FIlW9sEHczYU=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIjJCgjaCiDRB4osaLzZZOccme f7tZIkeWvoIWKDtHyMRT8C45xAQlTjWZ2tbMTaCksuu6nU1pb39jcKm9Xdnb39g+qh0cdG8WGQ 5tHMjK9gFmQIoQ2CpTQ0waYCiR0g9nNwu8+grEiCu9xrsFXbBKKseAMM+lhoKdimHiNdFituXU 3B10lXkFqpEBrWP0ajCIeKwiRS2Zt33M1+gkzKLiEtDKILWjGZ2wC/YyGTIH1kzxwSs9iyzCiG gwVkuYi/N5ImLJ2roJsUjGc2mVvIf7n9WMcX/mJCHWMEPLFIRQS8kOWG5E1AXQkDCCyRXKgIqS cGYYIRlDGeSbGWTWVrA9v+ftV0mnUvYzfXdSa10UzZXJCTsk58cglaZJb0iJtwokiT+SZvDip 8+q8Oe8/oyWn2Dkmf+B8fAM2FJSw</latexit>
Perr
<latexit sha1_base64="k TEXCbTcOyMH3oo1t0bLG3DmaIk=">AAACBHicbVC7TsNA EDzzDOFloKQ5ESFRRTZCgjKChjJI5CEllnW+bMIp54fu 1pEiyy1fQQsVHaLlPyj4F87GBSRMNZrZ1c5OkEih0XE+r ZXVtfWNzdpWfXtnd2/fPjjs6jhVHDo8lrHqB0yDFBF0UK CEfqKAhYGEXjC9KfzeDJQWcXSP8wS8kE0iMRacoZF8227 72TBk+KDCDJTKc99uOE2nBF0mbkUapELbt7+Go5inIUTI JdN64DoJehlTKLiEvD5MNSSMT9kEBoZGLATtZWXynJ6m mmFME1BUSFqK8HsjY6HW8zAwk0VIvegV4n/eIMXxlZeJK EkRIl4cQiGhPKS5EqYSoCOhAJEVyYGKiHKmGCIoQRnnRk xNR3XTh7v4/TLpnjddw+8uGq3rqpkaOSYn5Iy45JK0yC1 pkw7hZEaeyDN5sR6tV+vNev8ZXbGqnSPyB9bHNzphmJ0 =</latexit><latexit sha1_base64="k TEXCbTcOyMH3oo1t0bLG3DmaIk=">AAACBHicbVC7TsNA EDzzDOFloKQ5ESFRRTZCgjKChjJI5CEllnW+bMIp54fu 1pEiyy1fQQsVHaLlPyj4F87GBSRMNZrZ1c5OkEih0XE+r ZXVtfWNzdpWfXtnd2/fPjjs6jhVHDo8lrHqB0yDFBF0UK CEfqKAhYGEXjC9KfzeDJQWcXSP8wS8kE0iMRacoZF8227 72TBk+KDCDJTKc99uOE2nBF0mbkUapELbt7+Go5inIUTI JdN64DoJehlTKLiEvD5MNSSMT9kEBoZGLATtZWXynJ6m mmFME1BUSFqK8HsjY6HW8zAwk0VIvegV4n/eIMXxlZeJK EkRIl4cQiGhPKS5EqYSoCOhAJEVyYGKiHKmGCIoQRnnRk xNR3XTh7v4/TLpnjddw+8uGq3rqpkaOSYn5Iy45JK0yC1 pkw7hZEaeyDN5sR6tV+vNev8ZXbGqnSPyB9bHNzphmJ0 =</latexit><latexit sha1_base64="k TEXCbTcOyMH3oo1t0bLG3DmaIk=">AAACBHicbVC7TsNA EDzzDOFloKQ5ESFRRTZCgjKChjJI5CEllnW+bMIp54fu 1pEiyy1fQQsVHaLlPyj4F87GBSRMNZrZ1c5OkEih0XE+r ZXVtfWNzdpWfXtnd2/fPjjs6jhVHDo8lrHqB0yDFBF0UK CEfqKAhYGEXjC9KfzeDJQWcXSP8wS8kE0iMRacoZF8227 72TBk+KDCDJTKc99uOE2nBF0mbkUapELbt7+Go5inIUTI JdN64DoJehlTKLiEvD5MNSSMT9kEBoZGLATtZWXynJ6m mmFME1BUSFqK8HsjY6HW8zAwk0VIvegV4n/eIMXxlZeJK EkRIl4cQiGhPKS5EqYSoCOhAJEVyYGKiHKmGCIoQRnnRk xNR3XTh7v4/TLpnjddw+8uGq3rqpkaOSYn5Iy45JK0yC1 pkw7hZEaeyDN5sR6tV+vNev8ZXbGqnSPyB9bHNzphmJ0 =</latexit><latexit sha1_base64="k TEXCbTcOyMH3oo1t0bLG3DmaIk=">AAACBHicbVC7TsNA EDzzDOFloKQ5ESFRRTZCgjKChjJI5CEllnW+bMIp54fu 1pEiyy1fQQsVHaLlPyj4F87GBSRMNZrZ1c5OkEih0XE+r ZXVtfWNzdpWfXtnd2/fPjjs6jhVHDo8lrHqB0yDFBF0UK CEfqKAhYGEXjC9KfzeDJQWcXSP8wS8kE0iMRacoZF8227 72TBk+KDCDJTKc99uOE2nBF0mbkUapELbt7+Go5inIUTI JdN64DoJehlTKLiEvD5MNSSMT9kEBoZGLATtZWXynJ6m mmFME1BUSFqK8HsjY6HW8zAwk0VIvegV4n/eIMXxlZeJK EkRIl4cQiGhPKS5EqYSoCOhAJEVyYGKiHKmGCIoQRnnRk xNR3XTh7v4/TLpnjddw+8uGq3rqpkaOSYn5Iy45JK0yC1 pkw7hZEaeyDN5sR6tV+vNev8ZXbGqnSPyB9bHNzphmJ0 =</latexit>
(a) (b)
l0
<latexit sha1_base64="4K41sPKL7MExQB24eeAOXRD6FH8=">AAAB9HicbVC7TsNAEDyHVwivACXNiQhBFdkICcoIGsqAyENKrOh82Y RTzmfrbh0psvIHtFDRIVr+h4J/4WxcQMJUo5ld7ewEsRQGXffTKa2srq1vlDcrW9s7u3vV/YO2iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gslN5nemoI2I1APOYvBDNlZiJDhDK93L00G15tbdHHSZeAWpkQLNQfWrP4x4EoJCLpkxPc+N0U+ZRsElzCv9xEDM+ISNoWepYiEYP82Tz ulJYhhGNAZNhaS5CL83UhYaMwsDOxkyfDSLXib+5/USHF35qVBxgqB4dgiFhPyQ4VrYCoAOhQZEliUHKhTlTDNE0IIyzq2Y2E4qtg9v8ftl0j6ve5bfXdQa10UzZXJEjskZ8cglaZBb0iQtwsmIPJFn8uJMnVfnzXn/GS05xc4h+QPn4xvV+5Gm</latexit><latexit sha1_base64="4K41sPKL7MExQB24eeAOXRD6FH8=">AAAB9HicbVC7TsNAEDyHVwivACXNiQhBFdkICcoIGsqAyENKrOh82Y RTzmfrbh0psvIHtFDRIVr+h4J/4WxcQMJUo5ld7ewEsRQGXffTKa2srq1vlDcrW9s7u3vV/YO2iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gslN5nemoI2I1APOYvBDNlZiJDhDK93L00G15tbdHHSZeAWpkQLNQfWrP4x4EoJCLpkxPc+N0U+ZRsElzCv9xEDM+ISNoWepYiEYP82Tz ulJYhhGNAZNhaS5CL83UhYaMwsDOxkyfDSLXib+5/USHF35qVBxgqB4dgiFhPyQ4VrYCoAOhQZEliUHKhTlTDNE0IIyzq2Y2E4qtg9v8ftl0j6ve5bfXdQa10UzZXJEjskZ8cglaZBb0iQtwsmIPJFn8uJMnVfnzXn/GS05xc4h+QPn4xvV+5Gm</latexit><latexit sha1_base64="4K41sPKL7MExQB24eeAOXRD6FH8=">AAAB9HicbVC7TsNAEDyHVwivACXNiQhBFdkICcoIGsqAyENKrOh82Y RTzmfrbh0psvIHtFDRIVr+h4J/4WxcQMJUo5ld7ewEsRQGXffTKa2srq1vlDcrW9s7u3vV/YO2iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gslN5nemoI2I1APOYvBDNlZiJDhDK93L00G15tbdHHSZeAWpkQLNQfWrP4x4EoJCLpkxPc+N0U+ZRsElzCv9xEDM+ISNoWepYiEYP82Tz ulJYhhGNAZNhaS5CL83UhYaMwsDOxkyfDSLXib+5/USHF35qVBxgqB4dgiFhPyQ4VrYCoAOhQZEliUHKhTlTDNE0IIyzq2Y2E4qtg9v8ftl0j6ve5bfXdQa10UzZXJEjskZ8cglaZBb0iQtwsmIPJFn8uJMnVfnzXn/GS05xc4h+QPn4xvV+5Gm</latexit><latexit sha1_base64="4K41sPKL7MExQB24eeAOXRD6FH8=">AAAB9HicbVC7TsNAEDyHVwivACXNiQhBFdkICcoIGsqAyENKrOh82Y RTzmfrbh0psvIHtFDRIVr+h4J/4WxcQMJUo5ld7ewEsRQGXffTKa2srq1vlDcrW9s7u3vV/YO2iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gslN5nemoI2I1APOYvBDNlZiJDhDK93L00G15tbdHHSZeAWpkQLNQfWrP4x4EoJCLpkxPc+N0U+ZRsElzCv9xEDM+ISNoWepYiEYP82Tz ulJYhhGNAZNhaS5CL83UhYaMwsDOxkyfDSLXib+5/USHF35qVBxgqB4dgiFhPyQ4VrYCoAOhQZEliUHKhTlTDNE0IIyzq2Y2E4qtg9v8ftl0j6ve5bfXdQa10UzZXJEjskZ8cglaZBb0iQtwsmIPJFn8uJMnVfnzXn/GS05xc4h+QPn4xvV+5Gm</latexit>
r
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FIG. 3: (a): Probability of error in function of the phase difference φ12, with p1 = 1/3, |l|2 = |r′|2 = 1
2
, and ω↓↑ − ω↑↓ = 1. The orange
dashed line corresponds to Perr (Eq. (19)) when there is no overlap (l′r = 0) or, analogously, to the case with distinguishable particles. The
blue one corresponds to P˜err (Eq. (12)), i.e. to the case of spatial overlap with |l′|2 = |r|2 = 1
2
. (b): Contour plot of Perr (Eq. (19)) in function
of r and l′, with φ12 = pi.
Due to our ignorance of which of the two phases has been
applied, the state coming out of the box is in the following
classical mixture
ρout =
∑
k=1,2
pk|ΨkLR〉〈ΨkLR|. (6)
Physically, the effect of the box can be realized with Gˆ corre-
sponding to the Hamiltonian of two independent spins subject
to localized magnetic fields BkL and B
k
R which randomly oc-
cur with a probability pk.
The objective now is to establish which phase has actually
been applied. In other words, the phase discrimination game
translates in a state discrimination one. The two states |Ψ1LR〉
and |Ψ2LR〉 are in general not orthogonal: in order to dis-
criminate them, a positive operator-valued measure (POVM)
[25, 26] has to be chosen. We look for a POVM described by
a set of operators {Πˆ1, Πˆ2}, each of which is associated to an
outcome of the measurement: if we obtain 1, associated to the
operator Πˆ1, we conclude that the state coming of the box is
|Ψ1LR〉, if the result is 2, associated to the operator Πˆ2, the state
is |Ψ2LR〉. The optimal POVM can be obtained by minimizing
the probability of making an error in the discrimination, that is
the probability of obtaining the result associated to Πˆk when
the state was |Ψk′LR〉with k′ 6= k. Such a probability is [25, 27]
Perr = p1〈Ψ1LR|Πˆ2|Ψ1LR〉+ p2〈Ψ2LR|Πˆ1|Ψ2LR〉. (7)
Using the property
∑
k Πˆk = I [26], we can rewrite Eq. (7) as
follows
Perr = p1 − Tr
[
(p1|Ψ1LR〉〈Ψ1LR| − p2|Ψ2LR〉〈Ψ2LR|)Πˆ1
]
.
(8)
The minimization of Perr is obtained when Πˆ1 is the pro-
jector onto the positive eigenvector of the operator ∆ =
p1|Ψ1LR〉〈Ψ1LR| − p2|Ψ2LR〉〈Ψ2LR|. Choosing a rotated or-
thonormal basis |0〉 and |1〉 (with |0〉 slicing in half the angle
between |Ψ1LR〉 and |Ψ2LR〉), we can write
|Ψ1LR〉 = cos θ|0〉+ sin θ|1〉, |Ψ2LR 〉 = cos θ|0〉 − sin θ|1〉.
(9)
The positive eigenvalue of ∆ and the associated eigenvector
are respectively
λ+ =
1
2
(p1 − p2 +
√
1− 4p1p2|〈ψ1LR|ψ2LR〉|2,
|+〉 = 1N+ a(|ψ
1
LR〉+ |ψ2LR〉) + b(|ψ1LR〉 − |ψ2RL〉),
(10)
where N+ =
√
cos2 θ sin2 θ + (λ+(p1 − p2) cos2 θ)2, a =
sin(θ)/2 and b = (λ+− (p1−p2) cos2 θ)/(2 sin θ). The opti-
mal POVM, dependent on the spatial overlap of the two spins,
is therefore {|+〉〈+|, I− |+〉〈+|} which gives the probability
of error
Perr =
1
2
(
1−
√
1− 4p1p2|〈ψ1LR|ψ2LR〉|2
)
=
1
2
−
√
1
4
− p1p2
∣∣∣∣ |lr′|2eiω↓↑φ12 + |l′r|2eiω↑↓φ12N 2LR
∣∣∣∣2,
(11)
where φ12 = φ1 − φ2. The probability of error depends on
the indistinguishability (l′r) and, for the chosen initial state,
is independent of the statistics of particles. The latter can in-
stead play a role for the efficiency of the game starting from a
different initial state (see Supplemental Material).
4Let us fix |l|2 = |r′|2 = 1/2: when the two particles spa-
tially overlap with |l′|2 = |r|2 = 1
2
, Eq. (19) reduces to
P˜err =
1
2
(
1−
√
1− 2p1p2 cos2
[(
ω↓↑ − ω↑↓
2
)
φ12
])
,
(12)
that is zero when
(
ω↓↑ − ω↑↓
2
)
φ12 = pi/2. The behaviour
of Perr is displayed in Fig. 3. In particular in Fig.3 (a) we
show, as a function of the phase difference, P˜err (blue solid
line) and the probability of error Perr for spatially separated
particles (l′, r = 0, orange dashed line). This latter case is
analogous to that of non-identical particles. Among the two,
P˜err is always smaller. For non-overlapping spins, being the
state incoherent, the best guess is to suppose that the most
probable phase φ2 has been applied. The optimal probability
of success is Psucc = p2 and so Perr = 1 − Psucc = p1 (see
orange dashed line in Fig. 3(a)). In Fig. 3 (b) a contour plot
of Perr in terms of l′ and r is shown, in the case φ12 = pi. The
optimal choice to minimize Perr is to have two overlapping
identical spins with |l′|2 ∼ |r|2 ∼ 1/2.
Conclusions. — In this Letter we have defined the coher-
ence for a system of two identical particles with two-level
internal degrees of freedom, in the framework of spatially
local operations and classical communication (sLOCC). We
have shown that the indistinguishability of identical particles
is a source of coherence: while independently prepared dis-
tinguishable particles are incoherent under local operations,
the analogous configuration with indistinguishable particles
can exhibit quantum coherence. In our definition of coher-
ence, one can naturally identify the contribution to coherence
exclusively due to the spatial overlap of wavefunctions. In
the sLOCC framework, the single- and two-particle incoher-
ent operations known for distinguishable particles are straight-
forwardly generalized to systems of indistinguishable ones, as
we have shown, for instance, in the case of CNOT gate.
We have then exploited the role of this indistinguishability-
enabled coherence in the context of quantum metrology. In
particular, we have presented a phase discrimination proto-
col, for which we can explicitly demonstrate the operational
advantage of using indistinguishable rather than distinguish-
able particles. Concretely, the coherence due to the quantum
indistinguishability significantly reduces the error probability
of guessing the phase using the most general measurements.
The fact that coherence due to indistinguishability mani-
fests even for systems of independently prepared identical par-
ticles may constitute a practical advantage. In fact, from the
one hand it could facilitate the state preparation process and,
on the other hand, avoids the typical state fragility linked to
the quantum superpositions of composite systems [28, 29].
Our results make it clear that spatial overlap of identical
particles plays a role not only in the context of entanglement
[11, 12, 18, 30] but also for another fundamental feature of
quantum systems, such as coherence, with an impact in any
coherence-based quantum information processes.
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Let us consider two independently prepared non-identical
(NI) spins, identified by the physical labels A and B, in the
two-particle mixed state
ρNI =
∑
σ,τ
pστ (|ψσ〉 〈ψσ|)A ⊗ (|ψ′τ〉 〈ψ′τ |)B, (13)
where Tr[ρNI ] = 1, ψ and σ describe the spatial and the spin
degrees of freedom of the particle A, while ψ′ and τ of the
particle B. Being particles addressable, the framework of spa-
tially local operations and classical communication coincides
with the LOCC one. As said in the main text, the operational
basis is B = {|Lσ〉A ⊗ |Rτ〉B ;σ, τ =↓, ↑}, where |L〉 and
|R〉 are two states spatially localized in the regions L and R,
respectively. The two regions are chosen such that the prob-
abilities of finding particle A in L and B in R are different
from zero. Regardless of the spatial overlap of |ψ〉 and |ψ′〉,
ρNI is incoherent, in fact
ρNILR =
1
N
∑
στ
pστ (Π
′
L |ψσ〉 〈ψσ|Π′′L)A ⊗ (Π′R |ψ′τ〉 〈ψ′τ |Π′′R)B
=
∑
στ
pστ (|Lσ〉 〈Lσ|)A ⊗ (|Rτ〉 〈Rτ |)B,
(14)
where ΠL =
∑
σ(|Lσ〉 〈Lσ|)A and ΠR =
∑
σ(|Rσ〉 〈Rσ|)B.
As a result, the mixed state of Eq. (13) for two independently
prepared non-identical particles, being diagonal in the chosen
basis, is incoherent.
Dependence of the error probability on the particle-statistics
The phase discrimination game, within the state of Eq. (3)
of the main text, is independent of statistics. However, for
a generic state this characteristic is not maintained. As an
example, let us consider the following state
|Ψ〉 = 1N |ψ ↓, ψ
′s〉, (15)
where |s〉 = a |↑〉 + b |↓〉, with a, b ∈ R, and N the normal-
isation constant. Projecting |Ψ〉 in the operational subspace
spanned by the identical basis BI = {|Lσ,Rτ〉 , σ, τ =↓, ↑},
where |L〉 and |R〉 are localized in two separate regions, we
obtain
|ΨLR〉 = 1NLR (|L ↓,Rs
′〉+ aηl′r |L ↑,R ↓〉), (16)
where |s′〉 = alr′ |↑〉 + b(lr′ + ηl′r) |↓〉, NLR =√
a2(|lr′|2 + |l′r|2) + b2|lr′ + ηl′r|2 and η distinguishes
bosons (+1) and fermions (−1). The state of Eq. (16) is co-
herent in BI and in the chosen framework of spatially lo-
calized measurements, a contribution to the coherence due
only to indistinguishability can be identified when particles
spatially overlap (l′r 6= 0). The latter indistinguishability-
enabled contribution plays a statistics-dependent operational
role in a phase discrimination game. Let us send |ΨRL〉 in
a box in which a unitary transformation Uk = eiGˆφk ap-
plies to the state one of the phases {φk}k=1,2 with a prob-
ability pk. Choosing the generator of the transformation as
Gˆ =
∑
στ ωστ |L σ,R τ〉〈L σ,R τ |, with σ, τ =↓, ↑, we ob-
tain
|ΨkLR〉 = Uk|ΨLR〉
=
1
NLR [a(lr
′eiω↓↑φk |L ↓,R ↑〉+ ηl′reiω↑↓φk |L ↑,R ↓〉)
+ b(lr′ + ηl′r)eiω↓↓φk |L ↓,R ↓〉].
(17)
When the state comes out of the box, it is in a classical mixture
ρout =
∑
k=1,2
pk|ΨkLR〉〈ΨkLR|, (18)
that represents our ignorance of which phase has been applied
to the state. Using Eq. (11) of the main text, the probability
of making an error in the discrimination game is now
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FIG. 4: Probability of error in function of φ12 with |l|2 = |r′|2 = 1/2 for identical particles: distinguishable (blue solid line) and indistin-
guishable with |l′|2 = |r|2 = 1/2 (orange-dashed line for bosons and green dotted line for fermions), with a = b, ω↓↑ = 3, ω↑↓ = 2 and
ω↓↓ = 1.
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FIG. 5: 3D-plot of the probability of error with |l|2 = |r′|2 = 1/2 for identical particles: distinguishable (blue) and indistinguishable with
|l′|2 = |r|2 = 1/2 (orange for bosons and green for fermions) in function of φ12 and of ω↓↓, with |l|2 = |r′|2 = 1/2, a = b, ω↓↑ = 3,
ω↑↓ = 2.
Perr =
1
2
1−
√
1− 4p1p2
∣∣∣∣ 1N 2RL [a2(|lr′|2eiω↓↑φ12 + |l′r|2eiω↑↓φ12) + b2|lr′ + ηl′r|2eiω↓↓φ12 ]
∣∣∣∣2
 , (19)
where φ12 = φ1 − φ2. From Figs. 4 and 5 it is easy to
see that for certain ranges of the parameters φ12 and ωστ
(σ, τ =↓, ↑), the probability of error using indistinguishable
particles is considerably smaller than the one associated to
distinguishable ones. In particular, in these ranges, fermions
are more advantageous than bosons.
